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Favipiravir is a broad-spectrum inhibitor of viral RNA-dependent RNA poly-

merase (RdRp) currently being used to manage COVID-19. Accumulation of

mutations in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

RdRp may facilitate antigenic drift, generating favipiravir resistance. Focuss-

ing on the chain-termination mechanism utilized by favipiravir, we used high-

throughput interface-based protein design to generate > 100 000 designs of

the favipiravir-binding site of RdRp and identify mutational hotspots. We

identified several single-point mutants and designs having a sequence identity

of 97%–98% with wild-type RdRp, suggesting that SARS-CoV-2 can develop

favipiravir resistance with few mutations. Out of 134 mutations documented

in the CoV-GLUE database, 63 specific mutations were already predicted as

resistant in our calculations, thus attaining ~ 47% correlation with the

sequencing data. These findings improve our understanding of the potential

signatures of adaptation in SARS-CoV-2 against favipiravir.

Keywords: drug resistance; favipiravir; fitness; nsp12; protein design;

RNA-dependent RNA polymerase; SARS-CoV-2

The severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) RNA-dependent RNA polymerase

(RdRp or nonstructural protein 12 (nsp12)-nsp7-nsp8

complex) has emerged as a critical drug target for

treating coronavirus disease (COVID-19). It is an ideal

target because it is the central enzyme involved in the

virus replication and transcription, and its enzymatic

counterpart is absent in host cells. The recent detailed

characterization of structural and biochemical proper-

ties of SARS-CoV-2 RdRp has allowed the design and

development of specific RdRp inhibitors [1,2]. The

major drug approved for treating hospitalized patients

with COVID-19 is the RdRp inhibitor remdesivir,

which received emergency use authorization (EUA) in

several countries [3]. RdRps are highly conserved

enzymes across different coronaviruses, with ~ 96%
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sequence identity between SARS-CoV and SARS-

CoV-2 [4]. All coronavirus RdRps have conserved

three-dimensional (3D) right-handed structure, being

organized into palm, thumb and finger subdomains, as

well as show conserved active site motifs. These fea-

tures can be used to develop broad-spectrum inhibitors

for these and other RNA viruses.

Favipiravir (6-fluoro-3-oxo-3,4-dihydropyrazine-2-

carboxamide) is a broad-spectrum drug originally devel-

oped to act against the influenza virus. In addition, it is

effective against a wide variety of RNA viruses, includ-

ing flaviviruses, hantaviruses, arenaviruses, phle-

boviruses, noroviruses, enteroviruses, foot-and-mouth

disease virus, Western equine encephalitis virus, Ebola

virus, rabies and respiratory syncytial virus [5,6]. For

COVID-19, oral therapy with favipiravir has been rec-

ommended in several countries, such as Russia, India,

Japan, Saudi Arabia, Thailand and Kenya, and has

been proven useful in managing mild-to-moderate cases

of COVID-19 [7–9]. Furthermore, more than 40 clinical

trials of favipiravir are in progress in various countries,

including Japan, Italy, UK, USA, Canada, France,

Germany, India, Thailand, Russia, Egypt and Saudi

Arabia, to treat patients with COVID-19 (https://clinica

ltrials.gov). Favipiravir treatment could rapidly clear

viral load and induce faster clinical improvement. In

India currently, it is a major antiviral presently used for

the clinical management and treatment of COVID-19

[10,11]. Favipiravir’s mode of action is suggested to

have a mix of both chain terminator and mutator

events. In the first case, favipiravir (prodrug) acts as a

nucleoside analog that is metabolically activated via

ribosylation and phosphorylation and is converted into

favipiravir ribofuranosyl-5B-triphosphate (favipiravir-

RTP). It is then incorporated into the nascent viral

RNA by viral RdRp resulting in chain termination or

accumulation of deleterious mutations [12–14]. Favipi-
ravir binds to the active site of the viral RdRp, being

mistaken as a purine nucleotide, transforming the bind-

ing pocket into a catalytically nonproductive conforma-

tion. It stacks onto the 30 nucleotide of the primer

strand and forms a noncanonical base pair with the

template RNA strand using its amide group (Fig. 1A–
C). Therefore, favipiravir functions as a chain termina-

tor, inhibiting viral RdRp by the termination of chain

elongation at the site of incorporation. In the second

mode of action (mutator), favipiravir exerts its antiviral

effect through lethal mutagenesis, where its insertion

into the viral RNA induces C-to-U and G-to-A conver-

sion in the SARS-CoV-2 genome [15]. Recently, a cryo-

EM structure of the SARS-CoV-2 RdRp in complex

with favipiravir-RTP and template primer double-

stranded RNA has been determined (PDB ID: 7AAP),

and this allowed us to execute this study with a focus

on the chain-termination mechanism of favipiravir [16].

Since its emergence in December 2019, SARS-CoV-2

has undergone more than 50 000 mutations and

recombination events, as compared to the Wuhan ref-

erence genome (NC_045512.2; http://cov-glue.cvr.

gla.ac.uk/#/home). Until December 2020, at least 198

sites in the viral genome have already undergone

recurrent, independent mutations [17]. These 198 sites

were associated with changes in 290 amino acids, with

232 composed of nonsynonymous and 58 of synony-

mous mutations. Although the rate is lower than that

of influenza and human immunodeficiency virus

(HIV), SARS-CoV-2 is presently accumulating at least

two mutations per month in its genome [18]. The con-

tinuously emerging mutations are a cause of concern,

as they could hinder the development of long-lasting

and effective therapeutics. These concerns are sup-

ported by the observations of the natural favipiravir

resistance emergence in Chikungunya virus [19] and

enterovirus 71 [20], and development of the favipiravir

resistance by the pandemic H1N1 influenza A virus in

laboratory studies [21]. Chances of the emergence of

favipiravir-resistant SARS-CoV-2 strains increase due

to its intensive use as the COVID-19 pandemic pro-

gresses. We recently identified potential hotspot resi-

dues that could contribute to remdesivir and

molnupiravir resistance in SARS-CoV-2, as well as

identified potential signatures of adaptation in SARS-

CoV-2 main protease against boceprevir and telaprevir

[22,23]. We believe the knowledge of such mutants is

crucial in the design of new and more effective drugs

that can guide clinicians to properly manage and

administer the treatment regimen. This study used a

high-throughput interface design strategy to predict

potential mutation hotspots and resistance sites in the

favipiravir-binding site in the RdRp of SARS-CoV-2.

The work can help develop exhaustive strategies for

robust antiviral design and discovery.

Methods

Identification of favipiravir-interacting residues in

the nsp12

The cryo-EM structure of SARS-CoV-2 RdRp (nsp7-nsp8-

nsp12) in complex with the template:primer dsRNA and

favipiravir-RTP (PDB code: 7AAP) was used to determine

the interactions between nsp12 and favipiravir. This analy-

sis identified 72 nsp12 residues interacting with favipiravir.

The complex structure was subsequently processed using

the Molecular Operating Environment (MOE 2018.01,

v2021.03).
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MOE-based resistance scan design methodology

To identify potential single-point mutations of nsp12 that

could develop resistance against favipiravir, MOE’s

resistance scan methodology was used (MOE 2018.01,

v2021.03) [24]. The prepared complex structure was used as

an input, and 41 nsp12 residues that interacted with favipi-

ravir were designed with naturally sampled SNPs, whereas

the remaining residues that interacted with RNA were not

selected for the design. During the design, the template:pri-

mer dsRNA was retained in the complex structure. Due to

the flexibility of the designed site, the rotamer explorer

Fig. 1. Structure of the SARS-CoV-2 RdRp complex. (A) The cryo-EM structure of SARS-CoV-2 RdRp in complex with the template:primer

dsRNA and favipiravir-RTP. The nsp7, nsp8 and nsp12 domains are labelled with respective colours, and catalytic Mg2+ ion is shown. The

template:primer dsRNA and favipiravir-RTP are shown as a cartoon and stick model respectively. (B) Ligand interaction diagram of favipiravir-

RTP bound to the template:primer dsRNA. (C) Intermolecular interactions and interacting residues of nsp12 and RNA bases of favipiravir-

RTP (yellow) and Mg2+ (green sphere) coordinating the favipiravir-RTP. Hydrogen bonds are shown as black dashes.
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option of the ensemble protein design protocol was

enabled. During this stage, an root mean square fluctuation

(RMSD) cut-off of 0.5 �A was used, and the energy win-

dow, conformation limit and fix residues, farther than, were

set to default values of 10 kcal�mol�1, 25 K and 4.5 �A

respectively. Subsequently, a total of 350 designs were gen-

erated for in-depth analysis. The affinity and stability of

the designed complexes were examined. The relative bind-

ing affinity of the mutated proteins with respect to the

wild-type protein (dAffinity) was calculated, where dAffin-

ity represents the Boltzmann average of the relative affini-

ties of the ensemble. This method offered an indirect

computational fitness test model, sampling only nondelete-

rious mutations that were more likely to arise naturally.

Rosetta-based structural refinement and ligand-

based interface design

The complex structure prepared using MOE was next used

for Rosetta ligand-based interface design [25–28]. First,

parameters for favipiravir compatible with the Rosetta

force field were generated by adding OpenEye’s AM1-

BCC charges and following Rosetta’s parameter genera-

tion protocol. The parameter file contains definitions of

ligand topology, atom types, partial charges, rotatable

bonds etc., compatible with Rosetta design experiments.

Second, the complex was energy minimized and refined

using Rosetta relax [26]. During this step, several struc-

tures were generated with a goal to obtain the lowest

energy structure; however, as the energy differences were

not significantly distinct among the generated structures,

the lowest energy complex structure of the favipiravir-

bound complex was eventually selected for the targeted

interface design experiment. The Rosetta macromolecular

modelling suite was used to redesign nsp12 with backbone

flexibility [25]. In this step, 41 residues of nsp12 that con-

stituted the favipiravir-interacting site were designed with

the naturally sampled SNPs, whereas the remaining resi-

dues that interact with RNA and all other residues of

nsp7, nsp8 and nsp12 were allowed to only repack without

design. In the design experiments, a modified Rosetta-

Script was used to sample the favipiravir-interacting resi-

dues of nsp12, which considered minor movements of the

backbone of nsp12 to prevent steric clashes with ligands

after introducing mutations [27]. The Rosetta all-atom

force field with Monte-Carlo-simulated annealing was used

to sample the designs. A total of 100 000 designs of

favipiravir-bound complexes were generated, and the

Rosetta total score, RMSD from the initial structure,

Rosetta interface delta (denoting the binding affinities

between the designed nsp12 and favipiravir) and the per

cent sequence identities from the initial nsp12 sequence

were analysed to understand the mutational landscapes

and effect of mutations on the physicochemical character-

istics of nsp12 and the overall complex.

Validation of the design protocol

The accuracy and predicting ability of our MOE-based and

Rosetta-based interface design protocol were confirmed on

a well-studied remdesivir-resistant nsp12 mutant, named

V557L of SARS-CoV [29]. As described in our recent study

[23], first, we used the MOE resistance scan methodology,

where Val557 was designed with A, D, E, G, I, L, M and

F, and the affinities between designed nsp12 and remdesivir

were calculated. Second, we used the Rosetta interface

design protocol, where Val557 was designed with naturally

sampled SNP residues, although the remaining nsp12 resi-

dues were only repacked without design. In this run, 5000

designs were generated and analysed for the designed muta-

tions with their respective total scores. Finally, the resis-

tance mutations from our MOE-generated designs were

compared with the known SARS-CoV-2 nsp12 sequences

available in the CoV-GLUE database [30]. The frequency

of the mutations retrieved from CoV-GLUE was compared

with the designs in the favipiravir-binding site of nsp12 to

determine the accuracy of our design methodology.

Mutational landscapes of the top-ranked affinity-

attenuating and affinity-enhancing designs

WebLogo was used to obtain and plot the type and fre-

quency of designed amino acid residues in the 41 favipiravir-

interacting residues of nsp12 from the top-ranked affinity-

enhanced and affinity-attenuated designs [31].

Calculation of intermolecular interactions

between favipiravir-bound nsp12 designs

The intermolecular interactions between top-ranked affinity-

attenuating and affinity-enhancing favipiravir-nsp12 designs

were identified using the Arpeggio web server [32]. The total

number of interactions obtained was cumulative of van der

Waals interactions, hydrogen bonds, proximal contacts,

polar contacts, hydrophobic contacts, aromatic contacts and

carbonyl interactions. The interaction figures were created

using Schr€odinger Maestro (Schr€odinger Release 2016–4:
Maestro, Schr€odinger, New York, NY, USA).

Normal mode analysis of native nsp12 and

certain affinity-attenuating designs

The normal mode analysis of the nsp12 subunit of RdRp

was carried out by (a) computing the atomic displacement

of each C⍺ atom for the first six lowest-frequency nontriv-

ial modes and (b) obtaining the correlation matrix of nsp12

using the WEBnm@ server [33,34]. Next, an analysis of the

protein dynamics was carried out by (c) computing the

normalized deformation energies and (4) squared atomic

fluctuations for certain affinity-attenuating designs by

considering the native nsp12 as control.
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Results

Analysis of nsp12-favipiravir-interacting residues

and selection of nsp12 residues for designing

The cryo-EM structure of SARS-CoV-2 RdRp in com-

plex with favipiravir-RTP revealed the interacting resi-

dues between nsp12 and favipiravir (Fig. 1A) [35]. A

total of 72 residues of nsp12 were found to be interact-

ing with favipiravir, of which those that interacted

with the template:primer dsRNA were identified as

essential for the catalytic activity of RdRp. Overall, 41

residues of nsp12 were identified and subjected to

design; these were primarily located within a 6 �A dis-

tance of favipiravir. Certain critical residues, such as

Asn691, Lys545 and Ser814, formed hydrogen bonds

with favipiravir. Furthermore, favipiravir formed

hydrogen bonds with C10, metal coordination of Mg2+

and a p-p stacking with U20 of the template:primer

dsRNA (Fig. 1B,C).

Identification of resistance mutations from MOE-

based design experiments

Next, we designed 41 shortlisted residues of nsp12

using resistance mutation scan methodology employed

in Molecular Operating Environment (MOE), where

each residue was mutated with only a single nucleotide

polymorphism (SNP) of the wild-type sequence. As a

result, the mutations were confined to SNPs to resem-

ble the variations that may occur naturally during the

evolution of the virus. Table 1 shows a list of SNPs

sampled and designed for 41 favipiravir-interacting

residues of nsp12. A total of 350 single-point mutants

potentially associated with the resistance development

were generated, and the affinity between the designed

proteins and favipiravir was calculated. The relative

binding affinity of the mutated proteins in comparison

with the wild-type protein (dAffinity) was calculated.

Here, a large positive increase in the dAffinity value

indicates that the mutation had a lower affinity to

favipiravir and hence could become easily resistant to

the ligand (favipiravir).

350 nsp12 designs revealed that the dAffinity ranged

from –0.54 to 0.52 kcal�mol�1 (Fig. S1), out of which

152 designs showed positive dAffinity values, indicat-

ing their reduced affinity towards favipiravir. The

dAffinity values of the 41 favipiravir-interacting resi-

dues with their corresponding single-point resistant

mutations are shown in Figs 2 and 3. Furthermore, a

stringent dAffinity cut-off revealed that 13 mutants

had dAffinities higher than 0.2 kcal�mol�1 (Fig. 4).

This dAffinity cut-off was considered for a clear inter-

pretation of affinity-attenuating mutants and distin-

guishing them from other mutants. These mutants

with very high dAffinity values can be significant for

Table 1. Favipiravir-interacting nsp12 residues that are designed with corresponding SNPs of the wild-type sequence. A limited number of

amino acids for each position were sampled because they are more likely to happen naturally over the evolution of the protein than others

S.

No

Nsp12-favipiravir-interacting and

designed wild-type residues

Sampled SNPs in

designs

S.

No

Nsp12-favipiravir-interacting and

designed wild-type residues

Sampled SNPs in

designs

1 His439 RNDQLPY 22 Arg624 NCQGHILKMPSTW

2 Asp452 ANEGHYV 23 Ala625 DEGPSTV

3 Tyr456 NDCHFS 24 Met626 RILKTV

4 Met542 RILKTV 25 Arg631 NCQGHILKMPSTW

5 Tyr546 NDCHFS 26 Val662 ADEGILMF

6 Ala547 DEGPSTV 27 Lys676 RNQEIMT

7 Ser549 ACLFPTWY 28 Gly679 ARDCESWV

8 Ala550 DEGPSTV 29 Thr680 ARNIKMPS

9 Lys551 RNQEIMT 30 Ser681 ACLFPTWY

10 Arg553 NCQGHILKMPSTW 31 Ala690 DEGPSTV

11 Ala554 DEGPSTV 32 Ser692 ACLFPTWY

12 Arg555 NCQGHILKMPSTW 33 Phe694 CILSYV

13 Thr556 ARNIKMPS 34 Asn695 DHIKSTY

14 Gly616 ARDCESWV 35 Ala762 DEGPSTV

15 Trp617 RCGLS 36 Val763 ADEGILMF

16 Asp618 ANEGHYV 37 Lys798 RNQEIMT

17 Tyr619 NDCHFS 38 Trp800 RCGLS

18 Pro620 ARQHLST 39 His810 RNDQLPY

19 Lys621 RNQEIMT 40 His816 RNDQLPY

20 Cys622 RGFSWY 41 Asp833 ANEGHYV

21 Asp623 ANEGHYV
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Fig. 2. Relative binding affinities of designs from the favipiravir-interacting nsp12 residues. Radar plots (1–32) showing the MOE-derived

relative binding affinities (dAffinities) for favipiravir-interacting nsp12 residues and their single-point mutant designs.
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the development of the resistance against favipiravir.

Notably, most of these 13 mutants originated from

mutations in four nsp12 residues, namely His439,

Cys622, Asp623 and Thr680 (Fig. 4). Furthermore,

certain residues, such as Asp452, Tyr456, Met542,

Tyr546, Ala554, Trp617, Tyr619, Cys622, Arg624,

Fig. 3. Relative binding affinities of designs from favipiravir-interacting nsp12 residues. The radar plots for (33–41) interacting residues.

Fig. 4. Relative binding affinities of the

potential designs for favipiravir resistance.

Bar plot showing the dAffinities for the

most plausible favipiravir-interacting nsp12

residues and their single-point mutant

designs. These designs exhibited

dAffinities higher than 0.2 kcal�mol�1,

suggesting potential resistance to

favipiravir. Here, a large positive increase

in the dAffinity value indicates that the

mutation decreased the affinity of nsp12

towards favipiravir and hence could

develop resistance for the ligand. This

dAffinity cut-off was considered for a clear

interpretation of affinity-attenuating

mutants and distinguishing them from

other mutants.

7FEBS Letters (2021) ª 2021 Federation of European Biochemical Societies.

A. K. Padhi et al. Favipiravir resistance-sites in SARS-CoV-2 RdRp



Gly679 and Trp800, were susceptible to developing

resistance during evolution if an immune and drug

response was mounted on SARS-CoV-2, as indicated

by their affinity profiles (Figs 2–4). Using this method,

we carried out a representative computational fitness

test to sample only those mutations that were not

lethal to the virus and were more likely to develop nat-

urally to assist RdRp in maintaining structural and

functional integrity.

Rosetta-based design of favipiravir-binding nsp12

region and associated physicochemical features

After we identified single-point mutants that has the

potential to induce favipiravir resistance, Rosetta-

based ligand interface design of the favipiravir-binding

site of nsp12 in the nsp7-nsp8-nsp12-dsRNA complex

was performed [25]. This was conducted to obtain the

plausible hotspot residues of nsp12 at once and better

understand the mutational landscape profile during the

emergence of drug resistance. Although 72 residues of

nsp12 were found to interact with favipiravir, 41 were

selected to design with backbone flexibility, as they did

not interact with the template:primer dsRNA and were

not involved in the catalytic activity. In this step, each

of the 41 residues was mutated based on the corre-

sponding SNPs to resemble the mutations that are

more likely to evolve naturally during the evolution of

the protein (Table 1). During the design experiment,

nsp12 residues other than the interfacial residues were

only repacked. A total of 100 000 designs were gener-

ated, and their physicochemical parameters were anal-

ysed. The 100 000 designs enclosing the favipiravir-

binding site of nsp12 were categorized into affinity-

enhancing and affinity-attenuating designs based on

their binding affinities and control values.

First, 100 000 designs were examined for Rosetta

total scores vs. their root mean square deviations

(RMSDs). The Rosetta total score is the weighted sum

of several energy terms, including physical forces like

van der Waals’ interactions, electrostatics and other

statistical terms. Next, RMSD is computed between

the designed structures with respect to the wild-type

nsp7-nsp8-nsp12-template:primer dsRNA complex

structure with favipiravir-RTP. It was observed that

nearly all designs retained RMSDs below 1.5 �A, and

more than half of them retained RMSDs below 1 �A,

suggesting they did not considerably change from the

initial complex structure during designing 41 interface

residues of nsp12 and introducing mutations (Fig. 5A).

At this stage, we performed a control run, where 41

residues of nsp12 were only repacked without design-

ing. This distinguished the affinity-attenuating and

affinity-enhancing designs, indicating that the affinity-

attenuating designs showed a minor increase in

RMSDs in their overall structures and comparatively

unfavourable energetics due to the introduction of mis-

sense mutations.

Second, the designs were analysed for binding affini-

ties between the designed nsp12 with favipiravir (repre-

sented as interface delta) vs. the Rosetta total scores.

The affinity-attenuating designs had considerably

lower binding affinities and lower total scores than the

affinity-enhancing and control designs (Fig. 5B). This

suggested that unfavourable energetics and lower total

scores influenced the binding affinity in the affinity-

attenuating designs.

Third, we computed the RMSDs vs. interface delta

for the 100 000 designs. We found that several

affinity-attenuating designs with lower binding affini-

ties displayed higher RMSDs of over 1.2 �A, indicating

that the corresponding mutations destabilized the

interactions (Fig. 5C). However, several affinity-

attenuating designs with lower binding affinities

retained RMSDs as compared to the affinity-

enhancing and control designs as well, indicating that

residue-specific side-chain movements could have con-

tributed to the reduced binding affinities in those

cases.

Finally, the interface delta of the designs was evalu-

ated against the percentage sequence identities of the

generated designs. Interestingly, although nsp12 has 41

residues interacting with favipiravir, only a few of

them were potentially hotspot residues and prone to

mutations (Fig. 5D). On average, the designs retained

a sequence identity of 97%–98% compared to the

wild-type structure. The affinity-attenuating designs

with lower binding affinities were less conserved than

their counterparts (Fig. 5D), demonstrating that nsp12

developed resistance against favipiravir with only

selected mutations at a few hotspot residues whenever

SARS-CoV-2 encounters evolutionary and immune/-

drug response.

Mutational landscape and sequence variations in

favipiravir-nsp12 binding designs

The top 50 designs from each category (affinity-

enhancing and affinity-attenuating designs) were fur-

ther analysed and compared to determine the key dif-

ferences in the mutations and sequence diversities

(Fig. 6). Detailed analysis of the mutational landscape

profile revealed that in both categories, residues

His439, Asp452, Tyr456, Met542, Tyr546, Ala547,

Ser549, Ala550, Lys551, Arg553, Ala554, Arg555,

Thr556, Lys621, Cys622, Ala625, Arg631, Val662,
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Lys676, Gly679, Thr680, Ser681, Ala690, Ser692,

Phe694, Asn695, Val763, Trp800, His810, His816 and

Asp833 were identically sampled (Fig. 6). However,

certain wild-type residues, such as Trp617, Asp618,

Tyr619, Asp623 and Ala762, exhibited the most

diverse sequence variations between the two categories.

Furthermore, few other residues, such as Gly616,

Pro620, Arg624, Met626 and Lys798, showed muta-

tions with a relatively lower number of sequence varia-

tions between the affinity-attenuating and affinity-

enhancing designs (Fig. 6). Therefore, a total of 10

residue sites exhibited sequence variations between the

affinity-attenuating and affinity-enhancing designs.

Notably, these residues that showed sequence varia-

tions and were highly susceptible to mutations

belonged to the palm domain of RdRp. In addition, in

the affinity-attenuating designs, residues at positions

617, 618, 619, 623 and 762 were sampled to a high

number of extremely diverse amino acids (Fig. 6).

A comparison of MOE-derived single-point

resistance-developing mutants with the Rosetta-

generated mutational landscapes demonstrated that

both methods predicted certain commonly occurring

mutants, such as D623A and D623G in affinity-

Fig. 5. Structural and physicochemical parameters from the ligand-based Rosetta interface design of the favipiravir–RdRp interacting

complex. (A) Rosetta total score vs. RMSD of 100 000 designs of the favipiravir-bound RdRp complex. (B) Rosetta total score vs. interface

delta (binding affinity) of the designs between favipiravir and the RdRp complex. (C) Interface delta vs. RMSD of the designs. (D) Interface

delta vs. per cent sequence identity of favipiravir-interacting residues of the RdRp complex shows the distribution of designs. Blue to red

colour indicates designs with low to high binding affinities between favipiravir and RdRp complex. In panels (A–C), the dashed boxes

represent the control values, where favipiravir-interacting residues were not designed. Further, the top-scored affinity-enhancing and affinity-

attenuating designs are highlighted in green and red boxes respectively.
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attenuating designs (Figs 2, 3, 4, and 6). Moreover,

Rosetta-based designs revealed a few more mutation

types and hotspot residues. This sequence-specific con-

servation and diversity of the favipiravir-bound nsp12

designs indicated that, in the future, these hotspot resi-

dues could undergo selective mutations to establish a

resistance to favipiravir and similar drugs.

Validation of design protocols

To confirm the predictive ability and accuracy of the

MOE-based and Rosetta-based design methodologies,

a well-defined remdesivir-resistant SARS-CoV mutant

(V557L) was considered. Chikungunya virus and

H1N1 influenza A virus have been shown to develop

resistance against favipiravir. However, since their 3D

structures are not available, the findings were validated

with the SARS-CoV V557L mutant, as Val557 is con-

served in the nsp12 of SARS-CoV-2. To evaluate

whether our MOE and Rosetta design methodologies

are able to rank L557 among the low-affinity designs,

we scanned residues in the 557 position with other

amino acids and realized that V557L was ranked as

the low-affinity mutant in the design calculations

(Fig. S2). These observations validated the capability

of our design methodologies to score and rank-order

the affinity-attenuating designs that can develop favipi-

ravir resistance in SARS-CoV-2. However, because

V557L is a remdesivir-resistant mutation of SARS-

CoV, the SARS-CoV-2 may not mutate Val557 residue

to acquire favipiravir resistance. Instead, it could use

any other hotspot residues to develop resistance.

Besides, since remdesivir acts as a chain terminator,

this control experiment offered only this aspect of the

drug’s mode of action and subsequent computational

scores. Finally, mutations of nsp12 in the favipiravir-

binding site of the RdRp were obtained from the

CoV-GLUE database, and their frequency of occur-

rence was determined. We observed that out of 134

mutations obtained from the CoV-GLUE database (in

Fig. 6. Sequence logos showing the type and frequency of designed favipiravir-nsp12 interacting residues. Sequence logos of the 50 top-

scored (A) affinity-enhancing vs. (B) affinity-attenuating designs are displayed. The X-axis represents the native nsp12 residue index, and the

Y-axis shows the sequence conservation at that position. The height of symbols indicates the relative frequency of a particular amino acid at

that position. The red arrow denotes residues that experienced diverse sequence variations with a relatively higher number of sampled

amino acids, whereas the blue arrow denotes residues that exhibited diverse mutations but with fewer amino acids sampled.
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the favipiravir-binding site of nsp12, which are also

part of our designed residues), 63 mutations were

already predicted as resistant, as shown in our MOE-

based design calculations, thereby attaining ~ 47%

match with the sequencing data (Fig. 7). Notably,

many high-frequency mutations such as A554S,

A554T, A554V, W617C, Y619C and H810Y were

already found to be favipiravir-resistant in our MOE-

generated design calculations (Fig. 7). However, it

should be noted that the frequencies of the mutations

recorded in the CoV-GLUE database may not corre-

late directly with the calculated dAffinities. It is possi-

ble that as the pandemic advances and more

sequencing data become available, other sampled

mutations from our designs may evolve and correlate

with the new sequences. In conclusion, the control

experiments validated the design methodology to score

and rank-order the affinity-attenuating designs.

Interactions between favipiravir and nsp12 in the

top-ranked affinity-attenuating and affinity-

enhancing designs

We examined the intermolecular interactions between

favipiravir and nsp12 in the top-scored affinity-

attenuating and affinity-enhancing designs. The top-

scored affinity-enhancing design had 237 interactions,

while the affinity-attenuating design had 223 interac-

tions (Table 2). The van der Waals and proximal inter-

actions played a significant role in decreasing the

affinity between favipiravir and nsp12 in the affinity-

attenuating designs (Fig. 8A,B). A ligand interaction

diagram from the affinity-attenuating and affinity-

enhancing designs showed that the lack of a hydrogen

bond between Asn691-favipiravir significantly con-

tributed to the lower binding affinity in the affinity-

attenuating designs (Fig. 8C,D).

Dynamics and local flexibility of wild-type nsp12

and certain affinity-attenuating designs

To understand the contribution of nsp12 regions/sites

to the large amplitude movements of RdRp of SARS-

CoV-2, we carried out the normal mode analysis.

Fig. 7. Heat maps showing the mutations and their frequencies in the favipiravir-binding site of nsp12. Mutations in the favipiravir-binding

site of SARS-CoV-2 nsp12 obtained from the CoV-GLUE database are presented. The frequencies of the mutations in the reported COVID-

19 cases ranging from lower to higher numbers are shown from blue to yellow. The mutants that developed resistance towards favipiravir

are marked as ‘F’ adjacent to the mutants. Out of 134 mutations obtained from the CoV-GLUE database (in the favipiravir-binding site of

nsp12), 63 were predicted as resistant in our design computations, thus attaining ~ 47% correlation with the sequencing data

Table 2. Detailed intermolecular interactions formed between

favipiravir and nsp12 binding residues in the top-scoring affinity-

enhancing and affinity-attenuating design

Types of interactions

Favipiravir-nsp12

Affinity-enhancing

design

Affinity-attenuating

design

Van der Waals

interactions

3 1

Proximal interactions 217 196

Polar contacts 8 8

Hydrogen bonds 5 6

Ionic interactions 2 10

Metal complex

interactions

2 2

Total number of

interactions

237 223
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First, the atomic displacements for the six lowest-

frequency nontrivial modes were computed, which

referred to the normalized square of displacement of

each C⍺ atom so that the sum of all residues was 100

(Fig. 9A). The higher values corresponded to the

highly displaced regions, and peak clusters on the plots

indicated significantly displaced regions. Notably, resi-

dues 120–400 and 450–800 were less displaced, being

primarily engaged in local flexibility in nsp12

(Fig. 9A). Second, the residue correlation matrix high-

lighting the correlated movement of C⍺ atoms in

nsp12 revealed that residues 450–780 of nsp12 showed

a highly correlated coupled motion (Fig. 9B). Third,

the normalized deformation energies per C⍺ atom

averaged over the normal modes were obtained for the

native nsp12 and certain affinity-attenuating designs.

This quantifies the energy contribution for each C⍺
atom to the intrinsic motion of nsp12, which revealed

that the designs did not experience much change in the

contribution per energy as a result of mutations

(Fig. 9C). Finally, the squared atomic fluctuations for

each C⍺ atom were computed, normalized so that the

Fig. 8. Intermolecular interactions between favipiravir and the RdRp complex for the top-scoring designs. Intermolecular interactions

between favipiravir and the RdRp complex for the top-scored (A) affinity-enhancing designs and (B) affinity-attenuating designs. Interacting

residues of corresponding nsp12 (green) and RNA bases with favipiravir (yellow) and Mg2+ (green sphere) coordinating the favipiravir-RTP

are shown. Hydrogen bonds are shown as black dashes. (C) 2D ligand interaction diagrams of RdRp-favipiravir complex for the top-scored

affinity-enhancing and (D) affinity-attenuating design. The intermolecular interactions are labelled below.
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sum of all C⍺ in a sequence is 100. This profile for the

native nsp12 and certain affinity-attenuating designs

revealed that nsp12 exhibits interdomain motions, and

residues 120–400 and 450–800 were largely stable and

unaffected due to mutations (Fig. 9D). Overall, this

analysis suggests that the mutations possibly affect the

favipiravir-binding sites and proximal sites rather than

the overall dynamics of the whole protein.

Discussion

A combination of different strategies encompassing

multiple vaccines and antiviral therapeutics is required

for the effective and complete management of

COVID-19. Recently, several vaccine candidates have

received EUA for COVID-19 prevention in several

countries. However, because RNA viruses mutate and

recombine rapidly, preparing long-lasting vaccines and

continually effective therapeutics is challenging, as evi-

dent from the dramatic shifts in vaccine use world-

wide. The majority of vaccines in the pipeline focus on

the S-protein. Recent data from several countries, such

as the UK, South Africa and Australia, demonstrate

accumulating mutations in the S-protein, allowing the

virus to escape immune recognition, thus rendering the

vaccines less effective or even ineffective. This could

jeopardize the success of approved COVID-19 vaccines

and the chances of accomplishing herd immunity.

Fig. 9. Normal mode analysis of native nsp12 and certain affinity-attenuating designs. (A) The atomic displacement of each C⍺ atom for

modes 1–6. (B) The residue correlation matrix showing the correlated movement of the C⍺ atoms in nsp12. In the plot, each cell indicates

the coupling of two residues ranging from �1 (anticorrelated, blue) to 0 (uncorrelated) to 1 (correlated, red), thus representing correlated

motions. (C) The normalized deformation energies per C⍺ averaged over the normal modes for the native nsp12, and certain affinity-

attenuating designs are shown and labelled. (D) The squared atomic fluctuations for each C⍺ atom are normalized and shown so that the

sum of all C⍺ in a sequence is 100. The profiles for the native nsp12 and certain affinity-attenuating designs are labelled to understand the

effect of mutations.
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These findings suggest that combining different strate-

gies, including multiple vaccines and antivirals, will be

required to effectively manage COVID-19.

SARS-CoV-2 jumped to humans in late 2019 via a

possible transmission through bats, civets or pangolin.

Therefore, SARS-CoV-2 may not be completely

adapted to its human host due to its recent association

with this host. However, since its emergence, the

SARS-CoV-2 has undergone a considerable number of

mutations and recombination events. Although the

majority of mutations detected were neutral, these are

gradually accumulating, leading to increased genomic

diversity. Although the current rate of sequence varia-

tions among SARS-CoV-2 isolates is modest, this

RNA virus has ample opportunity to generate multiple

variants because of the many rounds of viral replica-

tion resulting in viral mutations over the course of the

pandemic (https://www.gisaid.org/). All this increases

the probability of the emergence of more infectious

strains in the future [36]. According to the population

genetics theory, the neutral and beneficial mutations

that affect viral fitness can reach higher frequencies.

The development and spread of a mutation are gov-

erned by several factors, including population growth,

founder effects, range expansion and random genetic

drift, as well as by a potential positive selection pres-

sure to confer enhanced transmissibility or drug and

immune resistance. Therefore, SARS-CoV-2 may

evolve into phenotypically distinct lineages as it estab-

lishes itself as an endemic human pathogen. The non-

synonymous D614G mutation in the viral S-protein

was the first mutation detected in early March 2020

that rapidly dominated by July 2020 [37]. Although

the D614G mutant isolate is not linked to increased

mortality or clinical severity, it is more transmissible

[38,39] and enhances the viral replication rate [40,41].

This was followed by the discovery of several muta-

tions in the S-protein RBD in mink and humans asso-

ciated with mink farms [42]. By December 2020, a new

lineage, B.1.1.7 (also called 501Y.V1), emerged in the

UK and is spreading rapidly with a higher transmis-

sion rate [43]. This B.1.1.7 variant includes several

mutations, of which eight mutations are in the S-

protein [44]. Another lineage, B.1.351 (also called

501Y.V2), which is rapidly spreading in South Africa,

has nine mutations in the S-protein. A third strain, P.1

(also called 501Y.V3), emerged in Brazil in December

2020. This P.1 variant contains a unique constellation

of ten mutations, including three mutations in the

receptor-binding domain of the spike protein: K417T,

E484K and N501Y. In March 2021, a highly transmis-

sible variant, named B.1.617, which has around 15

mutations, emerged in India. Reports claim that this

variant is responsible for the much severe second wave

of infection in India. Because most of the current vac-

cines target the viral S-protein antigen, mutations in

the S-protein can mediate virus escape from host anti-

bodies and possibly weaken the efficacy of the vaccine.

Therefore, multiple pharmacological options should be

available for the effective management of COVID-19.

Favipiravir and remdesivir are the key drugs cur-

rently used to treat patients with COVID-19 in several

countries [45]. They are being evaluated in clinical tri-

als globally for treating SARS-CoV-2 infection.

Favipiravir is considerably cheaper than remdesivir

and is, therefore, more affordable for developing and

poorer countries. Like other drug therapies, a major

challenge with the widespread use of remdesivir and

favipiravir could be the potential development of resis-

tance [22]. These drugs are nucleoside analogs and tar-

get the RdRp of SARS-CoV-2 to stop viral replication

and transcription. With the accumulation of muta-

tions, an antigenic drift in response to the host

immune pressure could facilitate the emergence of

resistance against the antivirals [46]. Although no nat-

ural favipiravir-resistant mutants have been found in

influenza viruses [14,47–51], an in vitro study has

reported that the K229R mutation in the influenza

virus RdRp induces favipiravir resistance [21].

Although the K229R mutation reduces the polymerase

activity, the fitness cost of this mutation is compen-

sated by a P653L mutation in RdRp [21]. Therefore,

P653L mutation can restore RdRp activity while main-

taining favipiravir resistance. A combination of

K229R and P653L mutations resulted in a virus strain

that was 30-times less susceptible to favipiravir than

the wild-type virus while maintaining the replication

kinetics. Notably, significant favipiravir resistance was

reported from experimental evolution studies in the

enterovirus 71 [20] and Chikungunya virus [19]. Over-

all, these data indicate a potentially universal mecha-

nism for favipiravir resistance functioning under

evolutionary and survival pressure. The present study

will help better understand the structural dynamics of

susceptible hotspots and resistance mutations and their

possible effects on the efficacy of favipiravir. The vali-

dation will require close monitoring of SARS-CoV-2

evolution using multiple high-throughput genome anal-

yses, surveillance and SNP evaluation during and in

the coming days of the pandemic.

Limitations of the study

This study had a few limitations. First, computationally

predicted resistance mutations of nsp12 against favipi-

ravir should be validated using biochemical experiments
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to determine the gain/loss of the binding affinity

between nsp12 designs and favipiravir to get a complete

understanding of the evolution of favipiravir-resistant

mutations. Second, as the Rosetta-based interface

design protocol aims to design mutants with improved

binding affinity to favipiravir, a more appropriate

design methodology and scoring function is required to

scan for resistance mutations (designs that reduce bind-

ing affinity to a ligand). Long-timescale molecular

dynamics (MD) simulations may be performed for

examining the mutational effects on the conformational

dynamics and stability of the protein [52]. Despite these

limitations, to validate that our design methodology

correctly predicted the affinity-attenuating designs inter-

preting the resistance mutations, we conducted adequate

control experiments on a SARS-CoV remdesivir-

resistant mutant, which is a chain-termination drug.

Further, using the publicly available SARS-CoV-2

nsp12 sequences, we ensured that the potential single-

point mutations characterizing the favipiravir-resistant

mutants are identified from our design experiments.

Finally, the MOE-based resistance design approach was

employed to validate that the potential single-point

mutants signifying the resistant mutations are identified

and predicted quantitatively.

Conclusions

Pandemics have been affecting humanity for centuries.

One positive aspect of the COVID-19 pandemic has

been the unprecedented availability of scientific and

technological advances that allowed the rapid develop-

ment of therapeutic strategies. The SARS-CoV-2 has

acquired only modest genetic variations to date with

no specific mutation contributing to drug resistance.

However, it is impossible to rule out the future devel-

opment of resistance against the currently used drug

regimens. Considering the critical importance of defin-

ing possible signatures for adaptation in SARS-CoV-2

against the current drugs, we conclude that our work

will provide grounds for a better understanding of the

favipiravir resistance and COVID-19 management and

may offer insights into the structural strategies for the

development of more effective therapeutics.
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